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ABSTRACT 
Under c e r t a i n  ope ra t iona l  regimes and f a i l u r e  modes, a i r  and ground 
v e h i c l e s  can p resen t  t h e  human ope ra to r  wi th  a dynamically uns t ab le  o r  
d ivergent  c o n t r o l  task .  Research conducted over t he  l as t  two decades has  
explored  t h e  a b i l i t y  of t h e  human ope ra to r  t o  c o n t r o l  uns t ab le  systems under 
a v a r i e t y  of circumstances.  This p a p e r  w i l l  review p a s t  research  and summa- 
r i z e  human ope ra to r  c o n t r o l  c a p a b i l i t i e s .  A cur ren t  example of automobile 
d i r e c t i o n a l  c o n t r o l  under rear brake lockup condi t ions  i s  a l s o  reviewed. A 
c o n t r o l  system model a n a l y s i s  of t h e  dr iver 's  s t e e r i n g  c o n t r o l  t a s k  i s  summa- 
r i z e d ,  based on a gene r i c  d r i v e r / v e h i c l e  model presented a t  las t  y e a r ' s  
Annual Manual. Resu l t s  from c losed  course  braking tests are presented  t h a t  
confirm t h e  d i f f i c u l t y  t h e  average d r i v e r  has  i n  c o n t r o l l i n g  t h e  u n s t a b l e  
d i r e c t i o n a l  dynamics a r i s i n g  from rear wheel lockup. 
INTRODUCTION 
Unstable  veh ic l e  dynamics p re sen t  a r a t h e r  s p e c i f i c  t a s k  demand on t h e  
human opera tor .  Vehicle  system s ta tes  tend  t o  d iverge  exponen t i a l ly ,  and 
t h e  human c o n t r o l l e r  must be a ler t  and a t t e n t i v e  enough t o  coun te rac t  t h i s  
d ive rgen t  s y s t e m  behavior.  I n  many s i t u a t i o n s ,  due t o  a t r a n s i t i o n  i n  vehi-  
c l e  behavior  (e.g., component f a i l u r e s  o r  a change i n  ope ra t ing  c o n d i t i o n s ) ,  
uns t ab le  dynamics may occur unexpectedly.  I n  t h i s  case  t h e  human o p e r a t o r  
must d e t e c t  t h e  change and adapt  t o  t h e  v e h i c l e ' s  new response c h a r a c t e r i s -  
t ics .  Some a t t e n t i o n  has been devoted t o  c o n t r o l  of uns t ab le  dynamic sys-  
tems a t  p a s t  manual c o n t r o l  conferences (e.g. ,  Refs. 1-3). 
I n  t h i s  p a p e r  w e  w i l l  s tart  o f f  wi th  a s imple a n a l y s i s  of t h e  response  
of u n s t a b l e  vehic les .  Next w e  w i l l  cons ider  t h e  a b i l i t y  of t h e  human opera- 
t o r  t o  c o n t r o l  uns t ab le  dynamics. Then we  w i l l  analyze an uns t ab le  v e h i c l e  
c o n t r o l  problem, i . e . ,  a car wi th  t h e  rear wheels locked up dur ing  braking. 
Following t h i s ,  t h e  closed-loop s t a b i l i t y  p r o p e r t i e s  of cars wi th  and with-  
ou t  rear wheel lockup are analyzed. F i n a l l y ,  f i e l d  t e s t  d a t a  i s  p resen ted  
which i l l u s t r a t e s  t h e  a b i l i t y  of t h e  average d r i v e r  i n  c o n t r o l l i n g  u n s t a b l e  
a u t  om0 b i  l e  dynami cs  . 
ACKGROUND 
It is  important  t o  focus on t h e  n a t u r e  of uns t ab le  veh ic l e  dynamics i n  
o r d e r  t o  a p p r e c i a t e  t he  t a s k  d i f f i c u l t y  imposed on t h e  human .ope ra to r .  
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B a s i c a l l y ,  s i m p l e  u n s t a b l e  v e h i c l e  dynamics r e s u l t  i n  t h e  e x p o n e n t i a l  d i v e r -  
gence of s t a t e  v a r i a b l e s  and t h e i r  d e r i v a t i v e s :  
t/TA X = K e  
where 
t = t i m e  
K = m u l t i p l y i n g  c o n s t a n t  
T A  = divergence  t i m e  c o n s t a n t  
This  e f f e c t  occurs  wi thout  any f o r c i n g  f u n c t i o n ,  and it should  be noted t h a t  
a l l  v a r i a b l e s  have t h e  same c h a r a c t e r i s t i c  e x p o n e n t i a l  time response ,  d i f -  
f e r i n g  only  by a m u l t i p l y i n g  c o n s t a n t  a s  i n d i c a t e d  above. 
T h i s  e x p o n e n t i a l  d ivergence  c h a r a c t e r i s t i c  i s  a p p a r e n t  i n  both  f i e l d  
t es t  and s i m u l a t i o n  d a t a  a s s o c i a t e d  w i t h  s imple  u n s t a b l e  dynamics. To 
observe  t h i s ,  f i r s t  n o t e  t h a t  t h e  t i m e  r e q u i r e d  f o r  a n  e x p o n e n t i a l  curve  t o  
double  i n  ampli tude is r e l a t e d  t o  t h e  d ivergence  t i m e  c o n s t a n t  of t h e  expo- 
n e n t i a l  as d e r i v e d  i n  Table  1 :  
Given v e h i c l e  response  t e s t  d a t a ,  t h i s  r e l a t i o n s h i p  can be used t o  i d e n t i f y  
d i v e r g e n c e  t i m e  c o n s t a n t s  as w i l l  be d i s c u s s e d  subsequent ly .  
HUMAN OPERATOR CAPABILITY 
Given t h a t  u n s t a b l e  v e h i c l e  dynamics r e s u l t  i n  an  e x p o n e n t i a l  s t a t e  
v a r i a b l e  d ivergence ,  can t h e  human o p e r a t o r  be expec ted  t o  c o n t r o l  such  a n  
o c c u r r e n c e ?  T h i s  q u e s t i o n  has  been addressed  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e ,  
i n v o l v i n g  a v a r i e t y  of s i t u a t i o n s  i n c l u d i n g  a i r c r a f t  p i l o t i n g ,  t r a c k i n g  t a s k  
r e s e a r c h ,  and a v e h i c l e  mounted t a s k  f o r  s c r e e n i n g  drunk d r i v e r s .  A summary 
of t h i s  r e s e a r c h  i s  g iven  i n  Table  2 i n c l u d i n g  t h e  l i m i t i n g  d ivergence  t i m e  
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TABLE 1, RELATIONSHIP BETWEEN TIME TO DOUBLE 
AND DIVERGENCE TIME CONSTANT 
A system wi th  an uns tab le  roo t  s = X w i l l  have an exponent ia l ly  
d ivergent  response given by 
t / T X  
X = K e  
Now eva lua te  X a t  two t i m e  po in t s  
then  
and 
F i n a l l y  
e 
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TABLE 2. SUMMARY OF RESEARCH ON HUMAN CONTROL OF TASKS 
WITH UNSTABLE DYNAMICS 
STUDY 
I UNSTABLE CONTROL LIMIT I 
Cheatham (1954): study of the characteristics of human 
pilot control response to simulated aircraft lateral 
motions using rudder pedals 
Jex, et al. (1960): correlation of theoretical limits 
with past experimental results 
1 0.23 1 0.33 1 3.0 1 
Sadoff, et al. (1961): experimental study limit 0.58 0.835 I 1.2 
of aircraft longitudinal control problems unacceptable 0.5 
2.3 
1.4 
2.5 
Taylor b Day (1961): controllability limits Long. practiced 
determined from simulator and flight tests 
1.5 
___ _______ - - - - - __  ___ - - 
Lat. practiced 0.28 0,40 
___-______ 
Jex b Cromwell (1962): theoretical and experimental study 0.23 0.33 
of aircraft longitudinal handling qualities parameters 
Young b Meiry (1965): manual control of unstable systems 
with visual and motion cues 
Washizu 6 Miyajima (1965): theoretical and 
experimental study of human pilot lateral 
controllability limits 
- -_ _ _ _ _  __- - -  __ 
Jex, et al. (1966): studied well practiced limits 
of human controllability using a laboratory tracking 
task (Critical Tracking Task or CTT) and isometric control stick 
Allen, et al. (1983): CTT mounted in a car, used practiced 
as a drunk driver detection system inexperienced 
c o n s t a n t  t ha t  s u b j e c t s  were a b l e  t o  c o n t r o l .  T h i s  summary s u g g e s t s  t h e  f o l -  
lowing r e g a r d i n g  human o p e r a t o r  c a p a b i l i t y :  
i n e x p e r i e n c e d  o p e r a t o r s  can nominal ly  hand le  d i v e r -  
gence t i m e  c o n s t a n t s  g r e a t e r  t h a n  0.5 sec. 
w e l l - p r a c t i c e d  v e h i c l e  o p e r a t o r s  can hand le  d i v e r g e n c e  
t i m e  c o n s t a n t s  on t h e  o r d e r  of 0.3 sec. 
t h e  w e l l - p r a c t i c e d  human o p e r a t o r ' s  u l t i m a t e  l i m i t  i s  
on t h e  o r d e r  of 0.2 sec when a car s t e e r i n g  wheel i s  
used  as a c o n t r o l  dev ice .  When s t i f f  "fly-by-wire' '  
a i r c r a f t  s t i c k s  are used as a c o n t r o l  d e v i c e ,  t h e  con- 
t r o l l a b l e  d ive rgence  l i m i t  can be reduced t o  0.15 sec. 
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The above r e s u l t s  are o v e r l y  o p t i m i s t i c  ( i . e e ,  t i m e  c o n s t a n t s  are t o o  
low) f o r  cases where o p e r a t o r s  a r e  s u r p r i s e d  by a sudden change i n  v e h i c l e  
response  p r o p e r t i e s .  There i s  a body of l i t e r a t u r e  t h a t  r e l a t e s  t o  t h i s  
s i t u a t i o n .  This  l i t e r a t u r e  i s  summarized i n  Ref. 13, a l o n g  w i t h  t h e  fol low- 
i n g  summary s t a t e m e n t :  
“The p r o c e s s  of a d a p t i v e  c o n t r o l  i s  thought  t o  c o n s i s t  of 
f o u r  phases :  r e t e n t i o n  of p r e f a i l u r e  dynamics, d e t e c t i o n  
of t h e  f a i l u r e ,  i d e n t i f i c a t i o n  of t h e  f a i l u r e  and adapta-  
t i o n  of a p p r o p r i a t e  dynamic form f o r  t h e  p o s t f a i l u r e  s i t u -  
a t i o n s ,  and, f i n a l l y ,  o p t i m i z a t i o n  of p o s t f a i l u r e  c o n t r o l .  ... T y p i c a l  d e t e c t i o n  times f o r  l a b o r a t o r y  exper iments  
w i t h  sudden changes i n  g a i n  o r  v e l o c i t y  range from 0.5 t o  
3 sec. T i m e s  t o  d e t e c t  f a i l u r e s  i n v o l v i n g  h i g h e r  o r d e r  
p l a n t s  are i n c r e a s e d  t o  s e v e r a l  seconds and may be consid- 
e r a b l y  l o n g e r  i f  emergency t r a i n i n g  i s  i n s u f f i c i e n t .  
I n  t h e  c a s e  where t h e  human o p e r a t o r  i s  c o n t r o l l i n g  a v e h i c l e  that  t r a n -  
s i t i o n s  t o  u n s t a b l e  o p e r a t i o n ,  any d e l a y  i n  c o u n t e r a c t i n g  d i v e r g e n t  s t a t e  
v a r i a b l e s  can be c r i t i ca l .  A s  no ted  from Table  1, t h e  s t a t e  v a r i a b l e  f o r  a 
f i r s t - o r d e r  u n s t a b l e  p l a n t  w i l l  double  i n  l ess  t h a n  one d i v e r g e n t  t i m e  con- 
s t a n t  ( i . e . ,  At2/1 = 0.69 Tx).  Thus, s t a t e  v a r i a b l e s  could e a s i l y  d i v e r g e  
o v e r  several  doubl ing  times f o r  a system w i t h  a d ivergence  t i m e  c o n s t a n t  of 
less t h a n  one second b e f o r e  t h e  human o p e r a t o r  d e t e c t s  and r e c o g n i z e s  t h e  
problem and t a k e s  a p p r o p r i a t e  a c t i o n .  Whether o r  n o t  t h e  o p e r a t o r  can t h e n  
r e g a i n  c o n t r o l  depends on whether  t h e  system h a s  d iverged  t o  a n  uncon- 
t r o l l a b l e  s t a t e  b e f o r e  c o r r e c t i v e  a c t i o n  i s  taken. 
A CAR DRIVING EXAMPLE 
A s  a common example of a p o t e n t i a l l y  u n s t a b l e  v e h i c l e  c o n s i d e r  hard  
b r a k i n g  i n  an  automobile .  I f  t h e  rear b r a k e s  should  l o c k  f i r s t  ( a s  can 
happen i n  cars w i t h  misbalanced brakes  o r  p ickup t r u c k s  w i t h  no c a r g o ) ,  t h e n  
t h e  v e h i c l e  w i l l  e x h i b i t  a d i r e c t i o n a l  i n s t a b i l i t y .  A s imple  approximat ion  
f o r  t h i s  v e h i c l e  behavior  can be d e r i v e d  as fo l lows:  
1 )  Assume a s imple  f r e e  body diagram as shown i n  Fig.  1. 
T h i s  is similar t o  s e v e r a l  approaches t h a t  have been 
d i s c u s s e d  i n  t h e  l i t e r a t u r e  (e.g. ,  Refs.  14,  15).  
2 )  Develop two d e g r e e  of freedom f o r c e  and moment equa- 
t i o n s  from t h e  f r e e  body diagram as shown i n  T a b l e  3. 
3 )  Derive t h e  yaw rate  t r a n s f e r  f u n c t i o n  from t h e  Laplace  
t r a n s f o r m  of t h e  Table  3 f o r c e  and moment e q u a t i o n s  as 
g i v e n  i n  T a b l e  4 .  Now, f o r  rear wheel lockup,  s i n c e  a 
locked and s l i d i n g  wheel cannot  develop any s i d e  
f o r c e ,  se t  t h e  rear s i d e  f o r c e  c o e f f i c i e n t  (Y,2) t o  
zero.  Then t h e  t r a n s f e r  f u n c t i o n  reduces t o  a n  
u n s t a b l e  form as shown i n  Table  4 .  
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8~ = Ackerman Steer Angle (deg )  
8~ = Front Steer Angle (deg )  = & w / N G  
a i  = Front T i r e  Slip Angle (deg) 
a2 = Rear T i re  Slip Angle ( d e g )  
R = Path Radius ( f t )  
NG = Steering Rat io 
Fs = Tire Side Force 
FT = Tire Traction Force 
0 
TI 
5 
d 
FT2 
Fs2 
F i g u r e  1. F r e e  Body Diagram and Constant  
Radius Turn D e f i n i t i o n s  
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TABLE 3. TWO DEGREE OF FREEDOM VEHICLE 
INCLUDING LOAD TRANSFER 
DY N A M I  CS 
f C  fion : 
I 
e . 
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TABLE 4 .  LAPLACE TRANSFORM TRANSFER FUNCTIONS FOR YAW RATE 
RESPONSE TO STEERING COMMANDS DEVELOPED 
FROM TABLE 3 EQUATIONS 
lete Transfer 
here 1 = wheeibuse = o f B 
r 
gative sonstunt term in denominator characterist ic equation 
s basic dynamic i ~ ~ t ~ ~ i i i ~ ~  
32.8 
4 )  Find r o o t s  of t h e  u n s t a b l e  t r a n s f e r  f u n c t i o n  u s i n g  t h e  
q u a d r a t i c  formula as shown i n  T a b l e  5. Using t y p i c a l  
f r o n t  wheel d r i v e / p a s s e n g e r  car parameters  i t  i s  
a p p a r e n t  from Table  5 t h a t  speed only  has  a minor 
e f f e c t  on t h e  d i v e r g e n t  t i m e  c o n s t a n t ,  and t h a t  t y p i -  
cal  v a l u e s  f o r  T A  a r e  i n  t h e  r e g i o n  of 0.3 seconds.  
CLOSED-LOOP VEHICLE CONTROL 
Now c o n s i d e r  a closed-loop v e h i c l e  c o n t r o l  model i n c l u d i n g  v i s u a l  and 
motion cue feedbacks shown i n  Fig.  2 t h a t  was p r e s e n t e d  a t  t h i s  c o n f e r e n c e  
l a s t  y e a r  (Ref. 16) .  Opera t ing  i n  t h i s  mode, t h e  c a r  d r i v e r  o r d i n a r i l y  has  
a r a t h e r  easy  c o n t r o l  t a s k .  P a s t  a n a l y s i s  (Ref. 1 7 )  h a s  shown t h a t  t h e  
d r i v e r ’ s  c o n t r o l  parameters  can be d e r i v e d  i n  a f a i r l y  s t r a i g h t f o r w a r d  
manner. What w e  wish t o  c o n s i d e r  h e r e  i s  what happens t o  c losed-loop sta- 
b i l i t y  when t h e  rear wheels l o c k  up and how must t h e  d r i v e r  change h i s / h e r  
behavior  t o  m a i n t a i n  s t a b l e  c losed-loop o p e r a t i o n .  
A s  h a s  been d e r i v e d  i n  t h e  p a s t  (Ref. 16)  t h e  closed-loop s t a b i l i t y  
p r o p e r t i e s  of t h e  Fig.  2 model can be a s s e s s e d  by c o n s i d e r i n g  an opened-loop 
t r a n s f e r  f u n c t i o n  f o r  t h e  loop broken a t  t h e  e q u i v a l e n t  of t h e  v i s u a l  feed-  
back p o i n t :  
Yaw Rate Kinematic  Trans- Closed-Loop 
I n t e g r a t i o n  + f e r  Funct ion  f o r  T r a n s f e r  Funct ion  
Trimming V i s u a l  T i m e  Look Ahead f o r  Motion Feed- 
Funct ion  D e l a y  Angular E r r o r  back Loop 
77 .,.--TvS .. I 77 
S S S GMOT 
where GMOT i s  t h e  closed-loop t r a n s f e r  f u n c t i o n  f o r  t h e  motion feedback 
l o o p  : 
and 
GNM = neuromuscular dynamics 
Gv = v e h i c l e  d i r e c t i o n a l  c o n t r o l  dynamics 
T~ = motion feedback d e l a y  
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TABLE 5. ROOTS OF CHARACTERISTIC EQUATION 
a2 + -  1 I 
I m 
Equation: s 2  + Bs + C 
"1 ; c = - -  
a Y  
I 
where 
"1 B = -  
UO 
4 0  
50 
Quadratic Roots: 
58.7 
73.4 
-8.16 
-7.57 
s = 1 . ( - B I t h F T E )  2 
+3.74 
+4.06 
Typical Front  Wheel Driver Passenger Car Parameters: 
m = 89 lb-sec2/ft ; I = 1475 lb-ft-sec 2 
a = 3 ft ; b = 5.75 ft ; R = a + b = 8.75 ft 
. Y"l 
. e  B = 0.0173 - ; C = 0.00203 Y"1 
U O  
for Y,1 = 15,000 
67340 + 122) s = - ( -  1 260 2 
U O  
2 uo 
SPEED, Uo 1 ROOTS (rad/sec) I 
-9.21 
1 6 0  1 88 1 -7.19 1 +4.24 
DIVERGENCE 
TIME CONST. 
T A  (see) 
0.30 
0.27 
0.25 
0.24 
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K IN E MAT I CS I I I 1 VEHICLE f D R I V E R  I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Lane i 
T 
I 
1 
I 
I 
I 
1 
I 
K' = trimming gain, K,+ = visual feedback gain, Kr = motion feedback loop gain 
CNwI ; wHM = neuromuscular damping and natural frequency, Gv(s) = vehicle transfer function 
rV ; rm = visual and motion feedback time delay, Uo = vehicle speed, R = aim point (look aheah )distance 
F i g u r e  2. D r i v e r / V e h i c l e  S t a b i l i t y  Analys is  Model 
The p r o p e r t i e s  of t h e  Eq. 2 t r a n s f e r  f u n c t i o n  have been d i s c u s s e d  i n  t h e  
p a s t  (Refs.  16-18), and f o r  nominal d r i v e r  behavior  w i t h  s t a b l e  v e h i c l e  
dynamics, a Bode p l o t  of Eq,  2 appears  as shown i n  Fig.  3. I n  o r d e r  t o  
m a i n t a i n  s t a b l e  o p e r a t i o n  t h e  d r i v e r  must a d j u s t  h i s  v i s u a l  feedback g a i n  K,J 
t o  l i e  w i t h i n  t h e  s t a b l e  phase r e g i o n  as shown. Now c o n s i d e r  u n s t a b l e  car 
dynamics due t o  rear wheel lock. The d r i v e r / v e h i c l e  t r a n s f e r  f u n c t i o n  i n  
Fig.  4 assumes t h a t  t h e  d r i v e r  has  main ta ined  h i s  p r e t r a n s i t i o n  b e h a v i o r ,  
and i t  i s  obvious t h a t  under  t h e s e  c i rcumstances  t h e  closed-loop o p e r a t i o n  
w i l l  be  u n s t a b l e  f o r  any l e v e l  of v i s u a l  feedback g a i n  K+ because the open- 
loop  phase curve  never  has  less t h a n  180" phase l a g !  
I t  is  clear from t h e  above r e s u l t s  t h a t  t h e  d r i v e r  must change b e h a v i o r  
and a d a p t  t o  rear wheel lockup c o n d i t i o n s  i n  o r d e r  t o  m a i n t a i n  s t a b l e  
c losed-loop v e h i c l e  c o n t r o l .  B a s i c a l l y  t h e  d r i v e r  must reduce system open- 
loop phase l a g ,  and t h i s  can be accomplished i n  s e v e r a l  phases  a s  f o l l o w s :  
1) Change g a i n  i n  t h e  motion feedback loop (Kr) t o  reduce 
h i g h  frequency phase l a g  shown i n  Fig.  4 .  
2 )  E l i m i n a t e  trimming behavior  (K' = 0 )  t o  reduce low 
f requency  phase l a g  a s  shown i n  Fig.  4.  
3 )  I n c r e a s e  lookahead d i s t a n c e  R ( e q u i v a l e n t  of reducing  
o u t e r  l o o p  g a i n )  i n  o r d e r  t o  f u r t h e r  reduce low f r e -  
quency phase l a g  as  shown i n  Fig.  4 .  
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F i g u r e  3. Bode P l o t  f o r  Normal S t a b l e  D r i v e r / V e h i c l e  C o n t r o l  
F i g u r e  4 .  Bode P l o t  f o r  D r i v e r / V e h i c l e  C o n t r o l  w i t h  U n s t a b l e  
V e h i c l e  Dynamics Due t o  Rear Wheel Lockup. F i g u r e  3 
Driver Ga ins  Give U n s t a b l e  Closed-Loop Response 
3 2 . 1 2  
With t h i s  adapted  d r i v e r  behavior  i t  can  be s e e n  i n  Fig.  5 t h a t  a small 
phase a n g l e  r e g i o n  of KJI s t a b i l i t y  i s  allowed. A t  t h i s  s t a g e ,  any f u r t h e r  
improvement i n  s t a b i l i t y  i s  l i m i t e d  by t h e  d r i v e r ' s  t i m e  d e l a y  and neuromus- 
c u l a r  lag .  The closed-loop c o n t r o l  w i l l  n o t  be very  good under t h e s e  cir-  
cumstances because t h e  closed-loop phase margin w i l l  be very  low, but  s i n c e  
t h e  d r i v e r  i s  s lowing r a p i d l y  ( f o r  rear wheels  locked ,  d e c e l e r a t i o n  can be 
on t h e  o r d e r  of 0.3-0.4g's) he/she  only h a s  t o  m a i n t a i n  c o n t r o l  u n t i l  t h e  
v e h i c l e  comes t o  rest. Also,  based on the Table  5 a n a l y s i s ,  t h e  v e h i c l e  
becomes less u n s t a b l e  as speed decreases .  
FIELD TEST EXPERIMENT 
Methods and Procedures 
A f i e l d  t es t  was conducted t o  de te rmine  d r i v e r  behavior  under  a c t u a l  
wheel lockup c o n d i t i o n ' s .  The tes t  course  l a y o u t  which d e f i n e d  t h e  t a s k  t o  
be performed by t h e  d r i v e r s  i s  i l l u s t r a t e d  i n  Fig.  5. The b a s i c  t a s k  was 
€ o r  the d r i v e r  t o  s t o p  s a f e l y  and q u i c k l y  w i t h i n  t h e  180 f t  s t o p p i n g  zone as 
d e f i n e d  by t h e  sets of orange cones i n d i c a t e d  i n  Fig.  5. The approach speed 
t o  t h e  t e s t  c o u r s e  w a s  nominal ly  40 miles an  h o u r ,  which would permi t  t h e  
d r i v e r  t o  s t o p  i n  180 f t  a t  a nominal d e c e l e r a t i o n  of 0.3g. D r i v e r s  were 
t o l d  t o  imagine t h a t  t h e  s t o p p i n g  b a r r i e r  i n d i c a t e d  by two orange cones was 
a car t h a t  had p u l l e d  o u t  i n  f r o n t  of them o r  p o s s i b l y  p e d e s t r i a n s  t h a t  had 
moved i n t o  t h e i r  p a t h  and t h a t  t h e y  were t o  do t h e i r  b e s t  t o  s t o p  w i t h i n  t h e  
l a n e  b e f o r e  r e a c h i n g  t h i s  b a r r i e r .  S u b j e c t s  were not  t o l d  a n y t h i n g  about  
t h e  o b j e c t i v e s  of t h e  tests o t h e r  than  t h a t  w e  were t e s t i n g  s t o p p i n g  
behavior  and would be making some v a r i a t i o n s  i n  t h e  c a r  c h a r a c t e r i s t i c s .  
Lanes edges delineated 
by white cones spaced 
20 f t  apart r- 180ft Stopping Zone 
D D D  D D 0 0 0 0 0  
12 f t  Lane 
D O C 3  D D D D  o c l o o  
Beginning of stopping Stopping barrier 
zone indicated with indicated by two 
two orange cones orange cones 
F i g u r e  5. Test Course Layout 
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The tes t  c a r  was o u t f i t t e d  w i t h  a s p e c i a l  v a l v e  t h a t  p e r m i t t e d  changing 
t h e  p r o p o r t i o n i n g  of brake p r e s s u r e  going t o  t h e  rear brakes.  Valve set- 
t i n g s  were s e t u p  t o  achieve  t h r e e  exper imenta l  c o n d i t i o n s :  
A - S i g n i E i c a n t  tendency f o r  f r o n t  brakes  t o  lockup 
B - Moderate tendency f o r  rear brakes  t o  lockup 
C - S i g n i f i c a n t  tendency f o r  rear brakes  t o  lockup 
I n  brak ing ,  d r i v e r ' s  do have t h e  o p t i o n  t o  modulate t h e i r  brakes and a v o i d  
o r  a t  least minimize wheel lockup, and t h e  above exper imenta l  c o n d i t i o n ' s  
a l lowed f o r  observ ing  t h i s  behavior  over  a range of p o s s i b l e  brake b a l a n c e  
c o n d i t i o n s ,  
The above t h r e e  brake b i a s  c o n d i t i o n s  were t e s t e d  f o r  each s u b j e c t  i n  
t h e  d e s i g n  i n d i c a t e d  i n  Table  6. The c o n d i t i o n s  were t e s t e d  on c o n s e c u t i v e  
runs  f o r  each s u b j e c t .  I n  o r d e r  t o  avoid  b i a s i n g  t h e  r e s u l t s ,  t h e  o r d e r i n g  
of t h e  test c o n d i t i o n s  was changed between s u b j e c t s  as i n d i c a t e d  i n  T a b l e  6. 
TABLE 6. EXPERIMENTAL D E S I G N  
T e s t  Condi t ions :  
A - 1:l v a l v e  s e t t i n g  ( f r o n t  b i a s )  
B - 1:2  v a l v e  s e t t i n g  ( s m a l l e r  rear b i a s )  
C - 1:3 v a l v e  s e t t i n g  ( l a r g e r  rear b i a s )  
Condi t ion  Orders  Assigned t o  S u b j e c t s  i n  
S e q u e n t i a l  Order:  
1) A, B,  C 4 )  B ,  A ,  C 
2 )  C ,  B ,  A 5) C ,  A,  B 
3 )  B ,  C ,  A 6 )  A ,  C ,  B 
Results 
I n  Fig.  6 d i s t r i b u t i o n s  of d i r e c t i o n a l  c o n t r o l  performance metrics are 
given.  For f i n a l  heading d e v i a t i o n s  i t  i s  noted  t h a t  t h e  wors t  performance 
was encountered  under  c o n d i t i o n  C. The b e s t  o r  smallest heading  a n g l e  devi-  
a t i o n s  were achieved  under t h e  f r o n t  b i a s  c o n d i t i o n  ( A )  as might be e x p e c t e d  
s i n c e  f r o n t  wheel lockup does n o t  tend t o  e x c i t e  t h e  d i r e c t i o n a l  mode of t h e  
v e h i c l e  o r  r e s u l t  i n  u n s t a b l e  dynamics. F i n a l  heading  a n g l e  d e v i a t i o n  is a n  
o v e r a l l  d i r e c t i o n a l  c o n t r o l  metric and i t  should  be noted t h a t  only t h e  
3 2 . 1 4  
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Figure  6. D i s t r i b u t i o n s  of D i r e c t i o n a l  Control  Performance Measures 
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p o o r e s t  t h i r d  of t h e  s u b j e c t s  are having a s i g n i f i c a n t  c o n t r o l  problem. 
R e f e r r i n g  t o  peak yaw r a t e  d i s t r i b u t i o n s  i n  P a r t  b of Fig.  6 ,  n o t e  t h a t  t h i s  
i n t e r m e d i a t e  d i r e c t i o n a l  c o n t r o l  metric g i v e s  t h e  same ranking  of t h e  brake  
b i a s  c o n d i t i o n s  as d i d  heading a n g l e ,  but  t e n d s  t o  be a more s e n s i t i v e  
measure i n  t h a t  now f u l l y  h a l f  of t h e  s u b j e c t  p o p u l a t i o n  i s  having t r o u b l e  
w i t h  t h e  r e a r  b i a s  brake c o n d i t i o n s .  
I n  g e n e r a l  t h e  f i e l d  tes t  r e s u l t s  tend  t o  conf i rm t h a t  rear brake lockup 
l e a d s  t o  d i r e c t i o n a l  c o n t r o l  problems, which w i l l  cause  problems f o r  some 
p o r t i o n  of t h e  d r i v i n g  publ ic .  Although t h e  v e h i c l e  dynamics a l o n e  repre-  
s e n t  a dynamic i n s t a b i l i t y  which i s  c h a r a c t e r i z e d  by an e x p o n e n t i a l l y  d i v e r -  
g e n t  heading mode, t h e  d r i v e r  can exert some i n f l u e n c e  over  v e h i c l e  heading 
through s t e e r i n g  a c t i o n s .  I n  many cases even though t h e  rear brakes  were 
locked  up and t h e  v e h i c l e  i t s e l f  w a s  u n s t a b l e  d r i v e r s  were a b l e  t o  exert 
p o s i t i v e  s t e e r i n g  c o n t r o l  on t h e  v e h i c l e  and m a i n t a i n  adequate  d i r e c t i o n a l  
c o n t r o l .  There were a few runs, however, where d r i v e r s  e x e r t e d  l i t t l e  o r  no 
s t e e r i n g  a c t i o n  and t h e  v e h i c l e  s p i n o u t  was b a s i c a l l y  a c l a s s i c a l  exponen- 
t i a l  divergence.  There were 1 2  such  runs  and from yaw rate  gryo s t r i p  c h a r t  
r e c o r d s  of t h e s e  few runs w e  were a b l e  t o  measure a d i v e r g e n t  t i m e  c o n s t a n t .  
The d i s t r i b u t i o n  of t h e s e  d i v e r g e n t  t i m e  c o n s t a n t s  i s  i l l u s t r a t e d  i n  Fig.  7.  
Note t h a t  one h a l f  of t h e s e  runs  o r  6 runs i n  t o t a l  were n e a r  t h e  t h e o r e t i -  
c a l  v e h i c l e  only d i v e r g e n c e  t i m e  c o n s t a n t  g iven  i n  Table  5 .  
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CONCLUDING REMARKS 
Human o p e r a t o r  c o n t r o l  of u n s t a b l e  v e h i c l e  dynamics i s  a f a i r l y  w e l l  
unders tood  problem based on over  two decades of r e s e a r c h .  L i m i t i n g  human 
o p e r a t o r  c a p a b i l i t y  i s  c o n s t r a i n e d  t o  a l a r g e  e x t e n t  by i n t e r n a l  p e r c e p t u a l  
and p r o c e s s i n g  time de lays .  T r a i n i n g  and o t h e r  system c h a r a c t e r i s t i c s  have 
some i n f l u e n c e  on l i m i t  performance. A n a l y s i s  of d r i v e r / v e h i c l e  behavior  
under r e a r  wheel lockup c o n d i t i o n s  shows a c l a s s i c a l  u n s t a b l e  v e h i c l e  con- 
t r o l  problem which l e a d s  t o  l o s s  of c o n t r o l  f o r  some p o r t i o n  of t h e  d r i v e r  
p o p u l a t i o n .  Experimental  r e s u l t s  are c o n s i s t e n t  w i t h  a d r i v e r / v e h i c l e  
system s t a b i l i t y  a n a l y s i s  and p a s t  r e s e a r c h  on l i m i t  c o n t r o l  c a p a b i l i t i e s  
and unexpected t r a n s i t i o n  of v e h i c l e  dynamics. 
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